The mechanism responsible for intestinal fatty acid uptake is currently debated (Tso and Fujimoto 1991) . A simple physical diffusion process was first sug gested and widely accepted due to the lipophilic nature of these nutrients (Thomson et al. 1989 ). This concept was questioned (Chow and Hollander 1978 , Hollander et al. 1984 , Molina et al. 1990 when it was shown that facilitated diffusion was in volved in the intestinal uptake of arachidonic, linoleic and oleic acids at low concentration ranges (<1.3 mmol/L) in vivo. A saturable absorption mech anism was then described (Stremmel 1988) , leading to the concept of a carrier-mediated transport system for intestinal oleic acid absorption and further extended to all long-chain fatty acid uptake. However, recent data indicated that intestinal linoleic acid uptake could be due to simple diffusion (Ling et al. 1989) .
The experimental designs used in the above men tioned studies did not always allow the initial rate of cellular uptake to be measured and/or did not utilize the physiologically important bile acids to modulate the unbound concentration of fatty acid in the medium. In addition, no information was available regarding the transport mechanism of a-linolenic acid [18:3(n-3)], an essential fatty acid.
We report here on the kinetics of a-linolenic acid uptake by isolated hamster intestinal cells using taurocholate as a solubilizing agent. Hamsters were chosen because the biliary bile acid composition of hamsters is similar to that of humans with respect to the steroid moiety (Singhal et al. 1983 ) and because hamsters conjugate bile acids with both glycine and taurine as humans do. In addition, cholate (and its conjugates) is the predominant biliary salt and is less damaging to the membrane than deoxycholate (Coleman et al. 1979) . The utilization of isolated enterocytes led to the loss of physiologic polarity, but compared with other intestinal preparations (everted sacs, perfused segments), we were able to examine the translocation of fatty acid across the membrane of intestinal cells with this technique.
purchased from New England Nuclear (Du Pont de Nemours, Paris, France). The scintillation liquid Optiphase 'Hisafe' II was from LKB (Pharmacia, St.
Quentin
en Yvelines, France). Taurocholic acid sodium salt, cholesterol, L-alanine, D-glucose, antimycin A, 2,4-dinitrophenol, collagenase type 1A, bovine serum albumin (essentially fatty acid free), HEPES, Hanks' medium, free fatty acids (stearic, oleic, linoleic, a-linolenic, eicosapentaenoic, docosahexaenoic) and linolenic acid methyl ester were ob tained from Sigma Chimie (St. Quentin Fallavier, France). Solutions of labeled a-linolenic acid were prepared by isotopie dilution. For the uptake studies, the fatty acids and all other reagents were solubilized at room temperature in Hanks' medium containing 20 mmol/L taurocholate by sonication for 5 min in a Ney 300 water-bath sonicator (Bioblock Scientific, Illkirch, France).
Preparation of intestinal cells. Intestinal cells were isolated as previously described Hoinard 1987 and . Briefly, male hamsters weighing 90-110 g (Elevage DÃ©prÃ©, Saint Doulchard, France) were killed by ether overexposure (Autorisation d'ex pÃ©rimenter no. 2897, MinistÃ¨re de l'Agriculture et de la ForÃªt, France). The entire small intestine was re moved, rinsed with oxygenated buffer solution con taining sodium citrate, and incubated for 10 min in the same buffer at 37Â°C.It was then emptied, filled with oxygenated buffer solution containing EDTA, incubated for 3 min at 37Â°Cand then gently palpated with the fingers for 2 min. This treatment was repeated twice. The buffer containing intestinal cells was recovered in 100 mL of Hanks' solution. After centrifugation (150 x g) the isolated cells were resuspended in 20 mL of Hanks' medium containing 2 mg of collagenase type 1A (37Â°C,15 min with stir ring). The intestinal cells were then washed twice and resuspended in Hanks' medium (cellular stock so lution containing~5 g protein/L). Light microscopy of the suspension showed that -90% of the cells dis played the typical features of villus-tip cells. Viability was assessed by trypan blue exclusion capacity and lactate dehydrogenase (EC 1.1.1.27) release assay, using a lactate dehydrogenase optimized kit (no. DG1340-K, Sigma Chimie). Protein concentration was assayed by the method of Lowry et al. (1951) .
Determination of a-linolenic acid monomer con centration. The concentration of a-linolenic acid monomers in the micellar solution was determined by ultrafiltration (Chijiiwa and Linscheer 1987, Shiau and Levine 1980 ) through a 1000-molecular weight cut-off membrane YM1 (Grace SA, Amicon Division, Epernon, France).
Five milliliters of micellar solution at 37Â°C (20 mmol/L sodium taurocholate and 1 to 1000 Â¿tmol/L [l-14C]linolenic acid) were placed in an Amicon model 12 ultrafiltration chamber and filtered under a nitrogen pressure of 0.3 MPa. Filtration was termi nated after 1.5 mL passed through the membrane. Radioactivity was determined in the initial micellar solution, the filtrate and in the retained solution after ultrafiltration.
The recovery of the radioactivity ini tially present in the micellar solution was found to be complete; thus no adsorption occurred on the ultrafiltration membrane. Linolenic acid molar con centration was calculated from the specific activity of [l-14C]linolenic acid. The percentage of monomer fatty acid in the micellar solution was calculated as the ratio of concentration in the filtrate to the con centration in the retained fraction.
An indirect control of the method was conducted by filtering mixtures of [l-14C]linoleic acid and bovine serum albumin in different concentration ratios. The concentration of unbound fatty acid in these solutions was determined with the stepwise equilibrium constant method of Wosilait and Nagy (1976) , using the dissociation constant for the linoleic acid-albumin complex reported by Spector et al. (1971) (Stremmel 1988) . One milliliter of cellular stock suspension was incubated for 1 min in a 37Â°Cwater bath with stirring. Uptake was started by the addition of 1 mL of fatty acid solution (Hanks' medium plus 20 mmol/L taurocholate) con taining [l-14C] linolenic acid at 37Â°C.At various time intervals, 200-/*L sample aliquots (-0.5 mg protein) were pipetted into 3 mL of 5 g/L albumin in Hanks' medium (4Â°C)to stop cellular influx and to remove bound fatty acids. In separate experiments we found that resuspending the cells in 5 g/L albumin at 4Â°C stopped uptake after a rapid re-equilibration period of 1 min. During this period -10% of cell-associated radioactivity was removed and no further change in radioactivity was detected during the next 10 min (data not shown). The stop solution containing cells was pipetted onto the center of a Whatman GF/C glass microfiber filter (Poly Labo, Strasbourg, France) and filtered under vacuum (80 kPa pressure) using a filtration apparatus (model 3025 sampling manifold, Millipore, St. Quentin en Yvelines, France). Cells were washed with 5 mL of 5 g/L albumin solution (4Â°C)and thereafter with 20 mL of Hanks' medium (4Â°C). Filters were placed in scintillation vials, 4 mL of scintillation liquid was added and radioactivity was determined in a LKB-1215 Rackbeta liquid scintil lation counter (Pharmacia). Nonspecific radioactivity binding to filters and cells was measured in each experiment by adding 5 g/L albumin in Hanks' medium (4Â°C)before the addition of corresponding aliquots of cells and [l-14C]linolenic acid working solutions. The value of each sample was the net radioactivity after substraction of this blank.
In studies of the effect of Na+ depletion, NaCl was replaced by isoosmotic choline chloride or LiCl. Cells were first washed twice in the Na+-depleted medium and then incubated for 10 min at 37Â°Cin the same medium. One milliliter of [l-14C]linolenic acid was then added to 1 mL of cell suspension (final concen tration, 200 Â¿imol/L a-linolenic acid in 20 mmol/L taurocholate), and uptake was determined as described above.
The effect of the metabolic inhibitors antimycin A or 2,4-dinitrophenol (final concentrations 25 and 250 /Â¿mol/L,respectively) was studied by adding them to the cells 10 min before a-linolenic acid solubilized in taurocholate was added.
The experimental protocol was changed somewhat in studies concerning the effect of other unlabeled substrates (2 mmol/L final concentration) on a-lino lenic acid uptake. Unlabeled substrate (900 Â¿iL) was added to 1 mL of cell suspension. After 30 s at 37"C with stirring, 100 Â¡iLof [l-14C]linolenic acid was added (final concentration, 200 /Â¿mol/Lin 20 mmol/L taurocholate), and initial rate of uptake was deter mined as above.
Statistical analysis. Initial rates of uptake were calculated by the method of least squares, which allows an estimation of simple linear regression parameters and their so. Comparisons of ordinates at origin with zero value were evaluated by Student's t test.
Curves characterizing the intracellular uptake of alinolenic acid were calculated with Prosolveurâ"¢ com puter program (La Commande Electronique, Pacy sur Eure, France). This program provides the kinetic parameters (Vmax, Km) of a nonlinear function (Michaelis-Menten equation) with the least squares method.
Comparisons between group means were evaluated by the unpaired t test. Statistical significance of differences among more than two groups was deter mined by ANOVA.
RESULTS
The aim of this work was to investigate the uptake of a-linolenic acid solubilized in 20 mmol/L taurocholate. All experiments were performed, within 20 min, using a cellular stock solution as described in Materials and Methods. In this Hanks' medium the initial cell viability was 83% and decreased by 0.3% per min or by 0.4% per min when assessed by trypan blue exclusion or lactate dehydrogenase release, respectively. Because bile acid salts have been shown to affect the viability and/or permeability of intestinal cells (Buset et al. 1990 , Fasano et al. 1990 , Westergaard and Dietschy 1976), we investigated the effect of 20 mmol/L taurocholate on the cells. Data showed that cellular viability decreased by 2% per min and 2.5% per min when assessed by trypan blue exclusion and lactate dehydrogenase release, respectively. It should be stressed that, for each fatty acid uptake experiment, the incubation time with taurocholate was <1 min (initial rate calculated from uptake ob tained over the initial 20-s incubation period). Under these conditions, viability loss resulting from the presence of taurocholate was not significant.
Uptake of 2 mmol/L [l-14C]D-glucose was used to evaluate the effect of bile salts on permeability of intestinal cells. The presence of 20 mmol/L taurocholate did not cause a substantial change in the initial rate of [l-14C]D-glucose uptake (3.03 Â± 0.76 and 2.86 Â±0.68 nmol-mg protein"1-min"1 without and with taurocholate, respectively). This result indicates that, under our experimental conditions, permeability was not significantly modified by taurocholate.
Distribution of a-linolenic acid in the micellar solution. a-Linolenic acid transport in hamster intes tinal cells was studied in the concentration range of 1 to 1000 /Â¿mol/L,corresponding to intralumenal phys iological concentrations.
It has been previously shown that fatty acid micelles obtained by solubilizing fatty acids with bile acids do not pene trate intestinal membranes and that only monomers contribute directly to absorption (Westergaard and Dietschy 1976) . When the a-linolenic acid concen tration varied from 1 to 1000 /Â¿mol/Lin the constant micellar bile salt solution, the monomer concen tration determined by ultrafiltration increased Values are means Â± SEof four experiments. Micellar solution (5 mL) at 37'C (200 /rniol/L [l-14C)linolenic acid in 20 mmol/L taurocholate) was filtered without and with 2 mmol/L unlabeled substrates. Filtration was terminated after 1.5 mL passed through the membrane. Radioactivity was determined in the retained so lution and in the filtrate after ultrafiltration. Linolenic acid concen tration was calculated from the specific activity of a-linolenic acid and expressed in micromoles per liter. Values obtained in the filtrate represent monomer concentration of a-linolenic acid. There were no significant differences between either added fatty acid and the control.
linearly from 2 to 2250 nmol/L (Fig. 1) . The partition coefficient between the extra-and intramicellar con centration was constant (K = 2.25 x 10~3) for all a- (Table 1) . Identical results were obtained when metabolic inhibitors or sodiumdepleted media were used (data not shown). Finally, under the present experimental conditions and for a constant bile concentration, the monomer concen tration of [l-14C]linolenic acid was directly propor tional to its total concentration in the medium. Kinetics of intracellular a-linolenic acid passage. An example of absorption kinetics is shown in Figure  2 for 200 /Â¿mol/L a-linolenic acid in 20 mmol/L taurocholate. During the first 20 s of incubation, the rate of uptake was maximal and linear, then steadily declined. Therefore, the initial rate of uptake was determined by linear regression fit from uptake measured over the initial 20-s incubation period. Stu- acid (1-1000 /Â¿mol/L) in 20 mmol/L taurocholate. The a-linolenic acid monomer concentration was measured by ultrafiltration as described in Materials and Methods. The initial uptake rate was determined from the linear slope of uptake curve over the initial 20-s incu bation period. The best-fit parameters are Km = 382 nmol/L and Vmax = 11.37 nmol-mg protein"1-min"1.
Values are means Â±SE of four experiments. Absent error bars were smaller than the symbol size.
dent's Ã® test indicated no significant difference be tween ordinate at origin and zero value. For example, the initial rate of uptake of 200 Â¿tmol/La-linolenic acid in 20 mmol/L taurocholate was 5.59 Â±0.23 nmol-mg proteina-min"1. 'Values are means Â± SEof six experiments. The inhibitors, in Hanks' medium, were added 10 min before the addition of labeled a-linolenic acid. Differences between inhibitors and the control were evaluated by unpaired t test. aSignificantly different from the control, P < 0.001.
Initial rate of uptake was determined with different monomer a-linolenic acid concentrations, between 2 and 2250 nmol/L. Figure 3 shows that the transport process was saturable, with Vmax = 11.37 nmol-mg proteina-min"1 and Km = 382 nmol/L.
Effects of temperature and metabolic poisons.
Lowering the temperature of the incubation medium from 37Â°Cto 4Â°Cconsiderably reduced the transport of a-linolenic acid (Fig. 2) . The initial rate of uptake decreased by >98%. The effects of metabolic poisons (2,4-dinitrophenol and antimycin A) on the transport of a-linolenic acid are shown in Table 2 . The initial rate of uptake was reduced 62 to 80% in the presence of these substances. This decrease was much greater than the decrease that would be expected from the loss of cell viability (<5%) induced by the presence of metabolic poisons. In addition, the reduced influx was not due to a decrease in the monomer concentration of a-linolenic acid.
Effects of fatty acids and other substrates. To de termine whether a-linolenic acid uptake was affected by other substrates, 2 mmol/L solutions of saturated or polyunsaturated long-chain fatty acids, a-linolenic acid methyl ester, cholesterol, L-alanine and D-glucose were added to micellar solution containing 200 /*mol/ L [l-14C]linolenic acid and 20 mmol/L taurocholate. Table 3 shows that long-chain fatty acids significantly inhibited (P < 0.001) a-linolenic acid influx. The effect of cholesterol was significant but of lower magnitude (P < 0.05). This inhibition of initial rate of uptake was not due to a decrease of the monomer concentration of [l-14C] linolenic acid in the incubation medium, which remained unaltered as determined by the ultrafiltration method. L-Alanine and D-glucose, on the other hand, had no effect on the influx rate of alinolenic acid.
Effect of Na+ depletion. The effect of Na+ on the uptake of 200 nmol/L a-linolenic acid in 20 mmol/L taurocholate was investigated by replacing NaCl with isoosmotic choline chloride or LiCl. It is to be noted that the presence of taurocholate (taurocholic acid sodium salt) in the incubation medium imposes a minimal 20 mmol/L Na+ concentration. Regardless of the substitute ion, fatty acid influx was reduced sig nificantly (P < 0.01) when Na+ was depleted (Table 4) .
DISCUSSION
We investigated the influx kinetics of a-linolenic acid by isolated intestinal cells, using a rapid filtration technique. To reproduce the physiological conditions of intestinal absorption, a-linolenic acid and the other fatty acids used in this work were solubilized in a solution of 20 mmol/L taurocholate, a concentration that does not significantly change cell viability or membrane permeability within 1 min of incubation.
Results show that a-linolenic acid uptake occurs by an active, carrier-mediated mechanism. The demonstration of this type of system was done via kinetic parameters, especially the study of initial uptake rate. Figure 2 indicates that linolenate uptake had two components: a rapid, linear segment over the first 20 s (representing cellular influx), followed by a slower, curvilinear component (representing the net result of influx, efflux and intracellular metabolism). The linearity of the initial influx over the first 20 s indicates that metabolism was of minor significance during this period. Indeed, several authors have found that intracellular metabolism of long-chain fatty acids was negligible when the incubation times were <1 min (Calderaro et al. 1991 , O'Doherty and Kuksis 1975 , Shiau 1990 , Stremmel 1988 . With regard to this question, we have found that <2% of the [1-14C]linolenic acid was oxidized within 10 min of incubation (data not shown). This initial uptake rate as a function of fatty acid monomer concentration in the incubation medium shows saturation kinetics, with Vmax = 11.37 nmol-mg protein"1-min"1 and Km = 382 nmol/L. In the present case, this rate was calculated from uptake measured over the initial 20-s incubation period. It represents the unidirectional translocation process across the membranes. Moreover, maximal uptake during the initial 20 s of incubation never exceeded 3-4% of substrate incubated, indicating that satu ration kinetics are real and not a result of substrate depletion. Monomers absorbed are continually replaced by others arising from the dissociation of micellar aggregates, with micelles acting as a reservoir for fatty acids (Westergaard and Dietschy 1976) . On the other hand, limitation of uptake could not be explained by an a-linolenic acid fraction bound to the cell membrane, because we used a stop so lution that interrupts membrane transport and re moves non-transported ligand from the membranes (Stremmel 1988) , and because nonspecific radioac tivity bound to filters and cells was substracted.
The observation that uptake kinetics can be satu rated rules out a simple diffusion mechanism. Re cently, Ling et al. (1989) reported a simple diffusion process for another essential fatty acid, linoleic acid, solubilized in taurocholate. They restricted the con centration of the bile acid to 2 mmol/L, which is well below the normal intralumenal concentration (10-40 mmol/L) or the critical micellar concentration. These authors then studied only the concentrations of linoleic acid that can be solubilized (<120 Â¿tmol/L), conditions that do not show possible saturable transport. Saturation kinetics have been described for several fatty acids, but to our knowledge the present report is the first concerning a-linolenic acid. The only com parative values available are those determined for other long-chain fatty acids under different ex perimental conditions. Stremmel (1988) measured the kinetics of oleic acid influx in isolated rat jejunal mucosal cells, using different oleate:albumin ratios to modulate the concentration of unbound oleate in the medium, and reported a Km of 93 nmol/L. For palmitate complexed to bovine serum albumin, Trotter and Storch (1991) reported apparent saturation of net uptake in Caco-2 cells for unbound fatty acid concentrations of >300 nmol/L. Discordance with the Km value measured for a-linolenic acid in this work (382 nmol/L) could be explained by different affinities of these fatty acids for a possible carrier or/and different experimental conditions, i.e., taurocholatefatty acid micellar solution vs. albumin-fatty acid complex. The fatty acid transport system was appar ently unaffected by taurocholate (Stremmel et al. 1985, Stremmel and Hofmann 1990) , whereas the presence of albumin could interfere with the uptake process (Potter et al. 1989 , Pond et al. 1992 . Perfused or everted intestine has also been used by different authors to examine the absorption of fatty acids solu bilized in taurocholate (Chow and Hollander 1978 , Hollander et al. 1984 , Molina et al. 1990 , Stremmel 1988 . Under these experimental condi tions, mixtures of fatty acids and bile salts are in contact with intestine for at least 6 min. Such incu bation times may allow binding or incorporation of fatty acids into cell membranes but also intracellular metabolism or binding to cytosolic proteins.
When the temperature of the incubation medium was decreased from 37Â°Cto 4Â°C,uptake virtually stopped. Furthermore, the metabolic poisons antimycin A and 2,4-dinitrophenol inhibited a-linolenic acid initial rate of uptake by >60%. The results of these two different experimental approaches led us to conclude that the process of a-linolenic acid uptake requires metabolic energy. This excludes a facilitated diffusion mechanism and provides evidence that alinolenic acid uptake is an active, carrier-mediated mechanism. These results seem to be in contradiction with previous data reported for intestinal absorption of various fatty acids (Chow and Hollander 1978 , Hollander et al. 1984 , Molina et al. 1990 ). However, as mentioned above, these authors studied absorption with different experimental conditions or models and were not able to explore the effects of temperature and metabolic inhibitors on the initial rate of uptake.
Finally, the effect of sodium depletion on a-lino lenic acid uptake suggests that the transport process is Na+-dependent, yet the mechanism of sodium de pendence cannot be clarified from our experiments.
Carrier-mediated transport presumes the existence of a fatty acid transport protein. The inhibition of initial rate of uptake by an excess of unlabeled alinolenic acid argues in favor of the presence of this protein in hamster intestinal cells. However, longchain fatty acids (Cig to Cjji, saturated or polyunsaturated) tested in our study significantly decreased alinolenic acid influx, thereby suggesting that this protein can transport other long-chain fatty acids, as previously suggested by several authors (Chow and Hollander 1978 , Hollander et al. 1984 , Molina et al. 1990 , Stremmel 1988 ). In our study, it was not possible to compare the ability of each fatty acid tested to reduce the initial rate of uptake of linolenate, because the free concentrations of these long-chain fatty acids were not measured. However, the taurocholate concentration (20 mmol/L) was large enough to ensure solubilization of any fatty acids at 2 mmol/L. In addition, the decrease in a-linolenic acid uptake after the addition of other long-chain fatty acids could also be caused by a production of largersized micelles (Chow and Hollander 1979) . The en largement of the micellar size would modify the equilibrium between monomers and micelles. Al though such a possibility could not be ruled out, we demonstrated that the monomeric concentration of [l-14C]linolenic acid was unaffected by the addition of other unlabeled fatty acids (2 mmol/L) to the incu bation medium. Such data are expected because the partition coefficient of linolenate between monomers and aggregates is constant (K = 2.25 x IO"3), as illus trated in Figure 1 , and because the partition coeffi cients of linolenate and of the other long-chain fatty acids used as inhibitors in the present study are similar. This was verified for linoleate:X = 2.22 x 10~3 (data not shown).
Molecules such as cholesterol and a-linolenic acid methyl ester interact with the fatty acid transport system, suggesting that a negative charge is not a prerequisite for uptake. On the other hand, molecules actively transported by intestinal cells but unrelated to lipolytic products, e.g., D-glucose and L-alanine, do not interfere with a-linolenic acid uptake.
The carrier most often invoked in the uptake of long-chain fatty acids is a 40-kDa protein, the plasma membrane fatty acid-binding protein (FABPPM).The presence of this FABPpM has been demonstrated in different tissues (Kaikaus et al. 1990 ) including intes tinal cells (Stremmel 1988 , Stremmel et al. 1985 . Results obtained in the present study all suggest that the a-linolenic acid transport protein and this FABPpMare identical. Nevertheless, the experimental model used here (isolated suspended intestinal cells) modifies the environment of the cells. In particular, the incubation medium is in contact with both the basolateral membranes and microvilli. Stremmel et al. (1985) reported that FABPpMis localized primarily in the apical membrane of the enterocytes, with lesser amounts in the basolateral membrane. In ad dition, Storch (1991 and using Caco-2 cells demonstrated that apical palmitate uptake was sixfold higher than basolateral uptake per unit surface area, with a similar apparent Km at both the apical and basolateral surfaces, but that apical max was threefold higher than the basolateral. So, the apical membrane of the enterocytes should be mainly involved in the carrier mechanism described in our experimental model. However, to clarify this point, the kinetics of a-linolenic acid uptake are cur rently under investigation using polarized monolayers of differentiated Caco-2 intestinal cell line.
